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Abstract 
The anaerobic treatment of low strength domestic sewage at low temperature is an attractive and 
important topic at present. A UASB-digester system is one of the successful anaerobic systems to 
challenge low temperature and concentrations. The effect of sludge recirculation rate on UASB-
digester treating domestic sewage at 15 ˚C was studied in this research. A sludge recirculation rate 
of 1%, 2.6% and 12.5% of the influent flow rate was investigated respectively. The results showed 
that the total COD removal efficiency rose with increasing sludge recirculation rate. A sludge 
recirculation rate of 1% of the influent flow rate leads to organic solids accumulation in the 
UASB. After the sludge recirculation rate increased from 1% to 2.6%, the stability of the UASB 
sludge was substantially improved from 0.37 to 0.15 g CH4-COD/g COD, and the biogas 
production in the digester went up from 2.9 to 7.4 L/d. The stability of the UASB sludge and bio-
gas production in the digester were not significantly further improved by increasing sludge 
recirculation rate to 12.5% of the influent flow rate, but the biogas production in the UASB 
increased from 0.37 L/d to 1.2 L/d. It is recommended to apply a sludge recirculation rate of 2-3% 
of influent flow rate in a UASB-digester system. 
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Introduction 
Given the potential advantages of anaerobic compared to aerobic sewage treatment (e.g. less energy 
consumption, energy production and a lower sludge production), its application at moderate and 
low temperatures (≤ 20 ˚C) would be very attractive (Lettinga et al. 2001). High-rate anaerobic 
reactors, such as Expanded Granular Sludge Bed (EGSB) and Anaerobic Baffled Reactor (ABR), 
have been reported to successfully treat synthetic wastewater at low temperature (10 ˚C - 20 ˚C) 
containing mainly soluble chemical oxygen demand (COD) (McKeown et al. 2009, Langenhoff & 
Stuckey 2000). However, at low temperatures (6-15 ˚C) the growth of methanogens is very slow 
and the hydrolysis of the biodegradable solids in sewage may be the rate limiting step of the process. 
(Leitão et al. 2006). As a consequence, suspended organic matter accumulates in the anaerobic 
reactor when the sludge retention time (SRT) is not sufficiently long (Luostarinen et al. 2007). The 
accumulated solids in the reactor replace the anaerobic biomass, and the biomass is also lost in the 
effluent by attachment to washed out solids. As a result, stability, specific methanogenic activity 
(SMA) and SRT of the sludge in a single Upflow Anaerobic Sludge Bed (UASB) reactor all 
decrease when the SRT becomes too short due to the organic solids accumulation.  As a result, this 
sludge still requires stabilisation before appropriate reuse or final disposal (Seghezzo et al. 2006), 
and liquid effluent needs further treatment. The application of long SRT needs long HRT and 
therefore large reactor volume, which is economically not feasible. The combination of a UASB 
and a digester (U-D) has been shown to be successful to treat domestic sewage with high 
concentrations of suspended organic solids at low temperature (Mahmoud et al. 2008, Mahmoud et 
  
al. 2004 , Álvarez et al. 2004).  
 
In this study, municipal sewage was treated in a UASB at 15 ˚C. As shown in Fig. 1, sludge 
recirculation connects a UASB and digester. The un-stabilized suspended sewage COD that is 
captured by the UASB sludge bed is transferred to the digester, which is operated at 35 ˚C. At the 
same time, stabilized sludge from the digester is transferred to the UASB, herewith providing 
additional methanogenic biomass to convert soluble COD. In previous studies, the sludge 
recirculation rate was determined by control of the sludge bed height (Mahmoud et al. 2004, 
Álvarez et al. 2004). However, the data about sludge recirculation on the overall process is very 
limited, and the optimum for the treatment of domestic sewage at low temperature is still not clear. 
Yet, the amount of sludge that needs to be circulated is crucial to the viability of the U-D, since it 
determines the required energy input to heat the transferred sludge from 15 ˚C to 35 ˚C. In this 
work, the effect of the sludge recirculation rate in U-D system on COD removal efficiency, bio-gas 
production, the stability and specific methanogenic activity (with acetate) of the U-D sludge, was 
investigated.   
                                           
Figure 1. The pilot-scale UASB-digester system in this research.  
 
 
Method and materials 
 
Inoculum and sewage 
The inoculum sludge used in the U-D system was taken from a primary sludge digester operated at 
35 ˚C at the wastewater treatment plant (wwtp) of Ede (NL). The screened (<3 mm) sewage came 
from a collecting system at the wwtp in Bennekom, the Netherlands. It was collected weekly and 
kept in a closed stirred tank at 5 ˚C.  
 
UASB-digester (U-D) system 
A pilot scale U-D was operated to treat domestic sewage at 15 ˚C for a period of 372 d. The influent 
flow rate was about 200 L/d. The following sludge recirculation rates were investigated: 1.8 L/d, 
5.2 L/d and 25 L/d for 210 d, 70 d and 92 d respectively. Details of the U-D system are given in 
table 1. Effluent recirculation over the UASB was applied to increase the up-flow velocity from 
0.26 m/h to 0.5 m/h. The sludge bed height in the UASB was manually controlled to be less than 80 
cm. The excess sludge was discharged from the height of 67 cm. Sampling points on the UASB 
reactor were located at 11.5, 27, 47 and 67 cm height. 
 
  
Table 1. The operational and design parameters of U-D in the research.  
                                                     UASB                           digester 
Total Height    (m)                        1.15                                         1 
Temperature (˚C)                            15                                         35 
Diameter (cm)                               23.5                                       23.5 
Volume (l)                                      50                                          38 
HRT  (d)                                      0.25                                     21/7.3/1.5 
Effluent recirculation rate             180%                                        - 
Up-flow velocity (m/h)                    0.5                                          - 
Mixing condition  (rpm)                 0.2                                        84 
 
Batch experiment  
Specific methanogenic activity (SMA) of the UASB sludge was determined in duplicate at 15 ˚C. 
Serum bottles with a volume of 117 ml were used in the test. The substrate was acetate with a 
starting concentration 1 g COD/L. The volume of UASB sludge was 60 ml. No trace nutrition was 
added, assuming this was sufficiently present in the sludge samples for the whole test period. The 
contents and headspace were flushed with nitrogen. The bottles with demi water and without any 
biomass were used as blanks. The volume of demi water was the same as the volume of the sludge 
samples. All the samples were incubated at 15 ± 1 ˚C in a shaker with 120 rpm in the dark. The 
pressure in the bottles was checked twice per day by hand digital pressure meter with a needle. 
 
The stability test of both the UASB and the digester sludge was similar to the SMA test. The test 
temperature was 35 ˚C, and it was performed without addition of substrate. During the test, the 
anaerobic degradable compounds were converted to methane. The test was ended when no further 
methane production was observed (i.e. no further increase in pressure). High value in the results of 
stability test shows that high anaerobic biodegradable organic compound is in the sludge, which 
means less stable. The volatile suspended solids (VSS) and total suspended solids (TSS) of the 
UASB and digester sludge sample in SMA and stability tests are shown in Table 2. The UASB 
sludge samples were taken at 11.5cm height from the bottom of UASB reactor. 
 
Table 2. the VSS and TSS concentrations of UASB and digester sludge samples in the SMA 
and stability test (samples are duplicate and the standard deviation is in the brackets). 
Date 
(since the 
operation 
started) 
VSS concentration TSS concentration 
UASB 
sludge 
Digester 
sludge 
UASB 
sludge 
Digester 
sludge 
(day) (g/L) (g/L) (g/L) (g/L) 
161 7.8 (-) 6.3 (-) 11 (-) 9.5 (-) 
277 13.1 (0.13) 7.4 (0.1) 18.6 (0.15) 11.7 (0.04) 
307 11.5 (0.04) 6.7 (0.01) 17.5 (0.08) 10.4 (0.06) 
 
For analysis of the gas composition a sample was taken with a 100 µl syringe at the end of all the 
tests.  
 
Analysis 
Concentrations of nitrogen, methane, and carbon dioxide in the headspaces of the activity bottles 
were measured using a gas chromatograph (Interscience GC 8000 series) equipped with a thermal 
conductivity detector and two columns (Molsieve 5A 50 m × 0.53 mm for N2 and CH4 and 
Porabond Q 50 m × 0.53 mm for CO2). Injector and detector temperatures were respectively kept at 
110 and 99 ˚C, while oven temperature was 50 ˚C. COD was performed using DrLange tubes (type 
514).   
 
  
 
Results and discussion  
 
COD removal efficiency   
Table 3 shows the average removal efficiency of total, suspended, colloid and dissolved COD 
during the three different sludge recirculation rates. The total COD removal efficiency reached the 
best result with the highest sludge recirculation rate of 25 L/d. Compared to the other two lower 
sludge recirculation rates of 5.2 L/d and 1.8 L/d, the higher dissolved COD removal efficiency was 
the main contributor to the improved total COD removal efficiency. Based on the amount of sludge 
transferred to the digester and the anaerobic biodegradability of the sewage, the improved 
CODdissolved removal efficiency mainly increased due to the transfer and conversion of dissolved 
COD in the digester. However, the larger amount of anaerobic biomass provided to the UASB also 
contributed to the higher dissolved COD removal efficiency. The total COD removal efficiency was 
lower than expected at all sludge recirculation rates, a possible explanation for this will be discussed 
later. 
 
Table 3. the summary of the suspended, colloid, dissolved and total COD removal   efficiency, n is the numbers 
of samples (the efficiency was the average of all the samples). 
Sludge 
recirculation 
rate (L/d) 
 COD removal efficiency (%) 
n COD total COD suspended COD colloid COD dissolved 
1.8 30 31.8±12.7 61.9±17.7 16.5±23.2 6.3±8.6 
5.2 7 32.2±8.1 58.6±16.6 19.1±16.5 5.8±5.8 
2 5 10 37.1±9.8 58.1±21.2 17.9±16.5 17.1±11.5 
 
Stability and SMA of U-D sludge 
The results of the stability and SMA tests of the UASB and the digester sludge are shown in Table 
4. The results of stability test with UASB sludge at a recirculation rate of 1.8 L/d shows that this 
sludge is relatively unstable, i.e. it still contains considerable amounts of biodegradable solids and 
accumulation of such solids in the sludge bed. Thus, although the total COD removal efficiency was 
similar compared to the U-D system operation at a sludge recirculation rate of 5.2 L/d as shown in 
Table 3, it was actually attributed to the organic solids accumulation. But the stability of UASB 
sludge was drastically improved after the sludge recirculation rate had increased from 1.8 L/d to 5.2 
L/d. The stability of the UASB sludge only improved 33 percent by further increasing the sludge 
recirculation rate from 5.2 L/d to 25 L/d. The stability of the digester sludge at recirculation rate 25 
L/d remains same to 5.2 L/d. It meant the digester was still stable even at a high sludge recirculation 
rate 25 L/d. The SMA of the UASB sludge at 15 ˚C became higher at an increasing sludge 
recirculation rate. This can be attributed to an improved conversion of sewage solids to CH4 and 
biomass, and an increased supply of methanogens to the UASB sludge.   
 
Table 4. The SMA of UASB sludge at 15 ˚C, 
and the stability of UASB and digester sludge at 35 ˚C. 
Sludge 
recirculation rate 
(L/d) 
       Stability 
 (g-COD/g-COD) 
SMA 
(g-CH4-COD g-1 VSS d-1) 
UASB 
sludge 
Digester 
sludge UASB sludge 
1.8 (0.9%)* 0.37 - 0.040 
5.2 (2.6%)* 0.15 0.01 0.048 (0.002)** 
25 (12.5%)* 0.10 0.01 0.067 (0.003)** 
* the sludge recirculation rate as percentage of the influent flow rate is given between brackets 
** standard deviation; three samples were taken at the same time 
 
  
Methane production 
The methane production as a fraction of total COD input and COD removed is shown in Table 5. It 
is clear that both CODmethane/CODin and CODmethane/CODremoved were higher with an increasing 
sludge recirculation rate. The CODmethane/CODremoved increased from 0.55 to 0.77 as sludge 
recirculation rate increased from 1.8 L/d to 5.2 L/d. This confirmed that suspended COD 
accumulated (as discussed earlier) when operating at low circulation rate of 1.8L/d, since suspended 
COD removal efficiencies were similar at these two sludge circulation rates (see Table 2). The 
CODmethane/CODremoved reached 0.92 when the sludge recirculation rate increased to 25 L/d. It 
indicated a high anaerobic biodegradability of COD removed. Elmitwalli (2001) also reported that 
the anaerobic bio-degradability of suspended solids in domestic sewage was 78% at 30 ˚C , 
however, without taking into consideration of dissolved methane. In this research, the CODmethane 
included two parts, which were the collected CH4 gas and the dissolved CH4 in the effluent of U-D 
system. Assuming that the dissolved CH4 was saturated in the effluent, it was calculated by Henry’s 
law. However, the actual CODmethane/CODremoved might be lower if CH4 was not saturated in the 
effluent.  
 
Table 5 also shows the biogas production. A large part of the methane production (5.86 L-CH4/d 
according to Henry’s law) in the UASB was dissolved in the effluent and combined with a low 
dissolved COD removal efficiency, the amount of biogas collected in the UASB was very low. It 
was higher after sludge recirculation rate increased from 5.2 L/d to 25 L/d. This confirmed that, the 
high dissolved COD removal (in Table 3) at sludge recirculation rate 25 L/d was indeed partially 
due to a large amount of methanogens supplied from the digester to the UASB. It enhanced the 
conversion of dissolved COD to methane in the UASB. The bio-gas production in the digester 
significantly increased after the sludge recirculation rate had increased from 1.8 L/d to 5.2 L/d. 
However, it did not rise any further at a sludge recirculation rate of 25 L/d. The reason might be that 
the bio-gas production of the digester is not only depended on the captured CODsuspended from the 
UASB sludge bed, but also its anaerobic degradability at 35 ˚C.  
Assuming that the suspended COD could be efficiently converted to methane, the methane 
production in the digester could be calculated in the following formula (1): 
 
VCH4= CODsuspended× Qinfluent×Danaerobic bio-degradablity×0.35     (1) 
 
Where VCH4 is the methane production (L/d); CODsuspended is the concentration of suspended COD in 
the influent (mg/L); Qinfluent is the influent flow rate of U-D (L/d); D is the anaerobic bio-
degradability of suspended solids, which was 0.78 in Elmitwalli’s et al. (2001) research, but 0.5 was 
used in this work on the safe consideration. The methane production in theory should be about 10.5 
L/d in this research. Assuming a 40 kJ/l CH4 methane heat combustion and an efficiency of 80%, 
about 336 kJ/d heat could be obtained. It is enough to warm up the transferred sludge from the 
UASB to the digester from 15 ˚C to 35 ˚C, whose recirculation rate is equivalent with 2-2.5% of the 
influent flow rate (200 L/d).   
 
The sludge recirculation rates 1.8 L/d, 5.2 L/d and 25 L/d applied in this research represent 0.9%, 
2.6% and 12.5% of influent flow rate respectively. Based on the biogas production, COD removal 
efficiency and the economy of sludge heating, a sludge circulation rate of 2.6% of the influent flow 
is recommended. 
  
 
 
 
 
  
Table 5. Methane production at different sludge recirculation rates  
(including gaseous and effluent saturated with dissolved methane). 
Sludge recirculation rate(L/d) 1.8 5.2 25 
CODmethane/CODin  (g/g) 0.19 0.23 0.3 
CODmethane/CODremoved (g/g) 0.55 0.77 0.92 
Bio-gas
 
*digester (L/d) 2.9 7.4 7.5 
Bio-gas **UASB (L/d)  0.31 0.37     1.22 
* the percentage of methane is 66% 
** the percentage of methane is 78% 
 
The COD concentrations of influent and effluent are shown in Fig.2 for the different sludge 
recirculation rates. The dissolved COD concentration contributed from 46% to 53% to total influent 
COD and this was similar for the suspended COD. The dissolved COD removal efficiency 
increased about 12% after sludge recirculation rate increased from 5.2 L/d to 25 L/d. However, it 
only somewhat improved the total COD removal efficiency. Thus, both the CODmethane/CODin and 
total COD removal efficiency were low even with 25 L/d sludge recirculation rate. The dissolved 
COD was difficult to remove at 15 ˚C in the U-D system and was the main part of the effluent (51-
57%). A high contribution of dissolved COD (70%) to total effluent COD was also reported by 
Álvarez et al. (2004), who also had a high fraction of dissolved COD in the influent (Figure 2). 
Mahmoud et al. (2004), however, had a low fraction of influent dissolved COD, which resulted in a 
high total COD removal efficiency. This shows that the influent dissolved to total COD ratio is a 
key factor in achieving high COD removal efficiency in a UASB-digester system. Elmitwalli et al. 
(2001) also showed that the maximum conversion of the dissolved COD in domestic sewage was 
only 62% even at 30 ˚C, this further emphasizes that the removal of dissolved COD is the main 
challenge in low temperature anaerobic treatment. It highlights that the lack of methanogens leads 
to a poor dissolved COD removal efficiency. Thus, longer SRT (Gomec 2010, Speece 2008) and 
plenty of methanogens are required to enhance the removal efficiency of dissolved COD at low 
temperature.  
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Figure 2. Comparison of COD characteristics in this research and other researchers’ during different percentage 
of sludge recirculation rate to influent flow rate. 
  
 
Conclusions 
Anaerobic treatment of domestic sewage at low temperature is feasible in a UASB-digester system. 
The removal of dissolved COD was limiting, especially at a high dissolved to total COD ratio in the 
influent. 
 
Three sludge recirculation rates between UASB (15 ˚C) and digester (35 ˚C) were tested, a higher 
sludge recirculation rate resulted in: 
• Increase in total COD removal efficiency, mainly caused by the transfer of dissolved COD to 
the digester 
• Improved conversion of removed COD to methane 
• Improved stability of the sludge in the UASB 
 
Based on the potential energy available in the waste water, a sludge recirculation flow of 2-3 % of 
the influent flow is recommended. 
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